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Stellingen 

1. Fysio-specifieke resistentie in tomaat tegen Cladosporiwn fulvum wordt geïnduceerd 
door één specifiek peptide van het pathogeen. 
Dit proefschrift 

Zolang Vanderplank specifieke herkenning van pathogenen in resistente planten niet 
erkent, kan het hem niet kwalijk worden genomen dat hij de "avirulentie versie" van 
de gen-om-gen hypothese absurd vindt. 
Vanderplank (1991) Plant Pathology 40, 1-3 

3. Het is voorbarig de verschillen in afweerreakties van planten tegen pathogenen toe te 
schrijven aan verschillen in resistentiegenen wanneer de vorming van de betrokken 
elicitoren niet nader onderzocht is. 
Hammond-Kosack et al. (1993) 

In: Advances in Molecular Genetics of Plant-Microbe Interactions, Vol 2 :457-461 

4. De stelling dat gen-om-gen interacties tussen plant en pathogeen enkel zijn ontstaan 
door de veredeling van cultuurgewassen middels stapsgewijze introductie van 
resistentiegenen is ongegrond, daar in natuurlijke plant-pathogeen populaties wel 
degelijk sprake is van gen-om-gen interacties. 
Barrett (1985) In: Ecology and Genetics of Host-Parasite Interactions: 215-225 

Crute et al. (1993) In: Advances in Molecular Genetics of Plant-Microbe Interactions, Vol 2: 437-444 

Het aantal plant-pathogeen interacties waarin fysio-specifieke elicitoren zijn 
aangetoond is waarschijnlijk zo gering omdat deze elicitoren niet abundant of (water-) 
oplosbaar zijn. 

Invertase is voor Cladosporiwn fulvum niet alleen essentieel voor de benutting van 
sucrose, maar is mogelijk ook een pathogeniteitsfactor die floeembelading remt. 
Dickinson et al. (1991) Plant Physiology 95, 420-425 



De specificiteit van verwante bacteriële avirulentiegenen uit de avrBs3 familie voor 
zowel dicotyle als monocotyle waardplanten maakt het aannemelijk dat de 
corresponderende resistentiegenen in deze planten ook nauw verwant zijn. 

; et al. (1993) Molecular and General Genetics 238, 261-269 

Het effect van de C02-toename in de atmosfeer op de opwarming van de aarde is 
gering in vergelijking tot de verhitting van de discussies over dit onderwerp. 

Het streven naar de instandhouding van heidegebieden in Nederland is eerder een 
zaak van cultuurbehoud dan van natuurbehoud. 

10. Een wetenschappelijk onderzoeker is meer gebaat bij een opgeruimde geest dan bij 
een opgeruimd laboratorium. 

11. Het onderscheid tussen "to play squash" en "to squash" is voor sommige spelers van 
deze racketsport niet geheel duidelijk. 

Stellingen behorend bij het proefschrift "Molecular aspects of avirulence and 
pathogenicity of the tomato pathogen Cladosporium fiilvum" 

Wageningen, 12 november 1993 Guido van den Ackerveken 
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aw avirulence gene 
AVR avr gene product 
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Outline of this thesis 

New strategies for crop protection are required for efficient and environmentally friendly 
agriculture. Durable resistance of plants to pathogens is the most effective means of crop 
protection, but can often not be achieved by traditional plant breeding. Molecular breeding 
for resistance is a new and alternative strategy for future crop protection. This new strategy 
can only be developed when more basic knowledge on plant-microbe interactions becomes 
available. As P.R. Day once formulated: 'Wise and intelligent methods of crop protection 
can only be based on an appreciation of the principles of host-parasite interaction and the 
consequences of interfering with it' (Day, 1974). Fundamental research on molecular plant-
microbe interactions can reveal the mechanisms involved in pathogenicity and avirulence of 
pathogens. The activation of plant defence upon pathogen attack is mediated by an early 
recognition of the pathogen and a quick and adequate response by the resistant plant. Basic 
knowledge on pathogen recognition and induction of plant defence can eventually lead to the 
isolation and characterization of plant resistance genes. Molecular understanding of the 
structure and function of disease resistance genes could provide the basis for further 
development of molecular resistance breeding. 

At the beginning of the PhD project described in this thesis research on the 
Cladosporium fulvum - tomato interaction was focused on physiological and biochemical 
aspects (Joosten, 1991). Plant response molecules such as phytoalexins (De Wit and Flach, 
1979) and pathogenesis related proteins (Joosten and De Wit, 1989; De Wit et al., 1989) 
were isolated and characterized. Compatible specific proteins were purified from the 
intercellular fluid of C. fulvum -infected tomato leaves (De Wit et al., 1989). These 
extracellular proteins were suggested to be of fungal origin (Joosten and De Wit, 1988). The 
abundance of these proteins in C. ./w/vM/n-infected tomato leaves and their absence in C. 
fulvum grown in vitro suggested a possible role in pathogenesis. 

The discovery of race-specific peptide elicitors of C. fulvum (De Wit and Spikman, 
1982) and the subsequent purification and characterization of the AVR9 elicitor (Scholtens-
Toma and De Wit, 1988) provided a solid basis for molecular studies on avirulence. 
Avirulence of races of C. fulvum on tomato genotypes carrying resistance gene Cf9 was 
always correlated with the presence of the necrosis-inducing peptide elicitor in susceptible 
plants infected with these same races. The hypothesis was put forward that the elicitor 
originated from an avirulence gene present in races of C. fulvum avirulent on tomato 
genotype Cf9. 

In this thesis research on the molecular aspects of avirulence and pathogenicity of the 
tomato pathogen Cladosporium fulvum is described. The interaction between the fungal 
pathogen C. fulvum and tomato is an excellent model system to study fungus - plant 
specificity. This will be demonstrated in Chapter 1, which gives an overview on the current 
status of the C. fulvum -tomato research. 

Most of this thesis will deal with the avirulence gene avr9 of C. fulvum. Chapter 2 



describes the cloning of the cDNA encoding the AVR9 race-specific elicitor. Races of C. 
fiilvum virulent on tomato genotypes carrying the complementary resistance gene Cf9 lack 
the avirulence gene avr9. In Chapters 3 and 4 conclusive evidence is given that avr9 is a 
genuine avirulence gene. Chapter 3 describes the transformation of races lacking the avr9 
gene with the cloned avr9 gene, resulting in a change of cultivar-specificity from virulent to 
avirulent on tomato genotype Cf9. In addition, disruption of avr9 in avirulent races of C. 
fiâvum, as described in Chapter 4, resulted in disruption mutants which have now become 
virulent on tomato genotype Cf9. 

The AVR9 race-specific peptide elicitor could be studied in more detail by high 
expression of the avr9 gene in transformants of C. fiilvum, as described in Chapter 5. 
Evidence is presented for the involvement of both the host plant tomato and the pathogen C. 
fidvum in the processing of the primary avirulence gene product to its mature AVR9 elicitor. 
The regulation of expression of the avi9 gene is described in Chapter 6. Expression of avr9 
is induced in planta and under conditions of nitrogen limitation in vitro which might reflect 
the nutritional conditions which the fungus encounters in the tomato leaf. 

In Chapter 7, the cloning and characterization of two putative pathogenicity genes of C. 
fiilvum is described. These ecp (encoding extracellular proteins) genes are highly expressed 
in planta. Possible functions of the ecp genes are discussed and future research is described 
to elucidate their putative function in pathogenicity. 

The results described in Chapters 1 to 7 are discussed in Chapter 8. The current 
physiological, biochemical and molecular knowledge on the C. fiilvum - tomato interaction 
is presented in two models which describe basic compatibility and race-specific 
incompatibility, respectively. 
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Chapter 1 

The Cladosporium fulvum - tomato interaction, 
a model system for fungus - plant specificity 

Guido F.J.M. van den Ackerveken and Pierre J.G.M. de Wit 

adapted from Pathogenesis and Host Specificity in Plant Diseases 
(Kohmoto, K., Singh, R.P., Singh, U.S. and Zeigler, R., eds.), Pergamon Press, Oxford, In press 

Table of contents 

I. Introduction 8 

II. Histopathological and ultrastructural aspects of pathogenesis 8 

HI. The genetics of the Cladosporium fulvum - tomato interaction 11 

IV. Biochemical and molecular aspects of the interaction 

A Cladosporium fulvum and tomato studied separately 15 

B Basic compatibility 16 

C Race-specific incompatibility 18 

D Recognition and defence responses 19 

V. Concluding remarks 20 

VI. References 21 



I. Introduction 

The fungal pathogen Cladosporium fiilvum Cooke (syn. Fulviafulva) is the causal agent of 
leaf mould of tomato (Lycopersicon esculentwn Mill.). C. fiilvum was first described by 
Cooke in 1883 1, from diseased material collected in South Carolina (USA). The origin of 
C. fiilvum is most probably South America, the centre of origin of tomato. The fungus is a 
biotrophic pathogen, which can however easily be grown in axenic culture. In infected 
tomato leaves, C. fiilvum grows between the mesophyll cells and does not form specialized 
feeding structures such as haustoria. 

Since the 1930s many genes for resistance to C. fiilvum from related wild species of 
tomato have been transferred to cultivated tomato in breeding programmes 2. Often within 
ten years after the introduction of these resistant cultivars, new races of C. fiilvum appeared 
which could overcome the monogenic resistance 3A. At least eleven different genes for 
resistance have been described of which six are available in near-isogenic lines of tomato 
cultivar Moneymaker 5. The observed differential interactions (compatible or incompatible) 
between different races of C. fiilvum and near-isogenic lines of tomato suggested that the 
C. fiilvum - tomato interaction fits the gene-for-gene hypothesis 67. 

In the last two decades, the physiology, biochemistry and molecular biology of the 
C. fiilvum - tomato interaction have been studied by several groups 8"10. Fundamental 
questions on pathogenicity, specificity and plant defence have been actively pursued. In 
recent years we have gained more insight into basic compatibility and active plant defence, 
and have made significant progress in the molecular understanding of the gene-for-gene 
interaction and the role of fungal avirulence genes in pathogen recognition. 

In this chapter we demonstrate that the interaction between C. fiilvum and its host plant 
tomato is an excellent model system to study the gene-for-gene interaction. Pathogenicity and 
avirulence factors and their respective involvement in induction of susceptibility and 
resistance will be discussed in detail. We will only briefly discuss the defence responses 
triggered by C. fiilvum as these responses are similar in other host-pathogen interactions 
which are studied worldwide by many groups (for reviews1113). The host defence responses 
are in many cases not specific for one particular host-pathogen interaction, whereas their 
induction often is pathogen-specific in most plants. The induction of active plant defence, in 
particular the early responses and the hypersensitive response, by race-specific elicitors of 
C. fiilvum will be discussed in more detail. The latest findings will be combined in a model 
explaining the interaction at the molecular and biochemical level. 

n. Histopathological and ultrastructural aspects of pathogenesis 

Cladosporium fiilvum causes pale-yellow spots on the upper side of infected tomato leaves, 
which are the result of abundant fungal growth inside the leaf. After an incubation period of 
about two weeks conidiophores emerge through stomata and sporulation becomes visible as 



brown-grey velvet areas at the lower side of the leaf. When the infection progresses, leaves 
become necrotic and eventually fall off. 

The first detailed microscopic studies were performed by Bond in 1938 14. Germination, 
penetration, development of intercellular mycelium and sporulation were initially studied by 
light microscopy. Later, more detailed studies were performed by Lazarovits and Higgins1516 

and De Wit17 using transmission and scanning electron microscopy. The infection process 
was studied in time after inoculation of the lower side of leaves of near-isogenic lines of 
susceptible and resistant cultivars of tomato with conidiospores of virulent and avirulent races 
of C. fiilvum. Conidiospores germinate on the leaf surface at high relative humidity and form 
slender germ tubes, the so-called runner hyphae (2-3 /xm in diameter). These runner hyphae 
are not growing in the direction of the stomata, but rather continue to grow until they 
accidentally encounter open stomata, which are subsequently penetrated by the fungus at 
three to five days after inoculation (Fig. 1C). Once inside the leaf, the diameter of hyphae 
enlarges two to three fold (4-5 urn). The fungus colonizes the intercellular spaces in the 
leaves of a susceptible host without visible induction of defence responses (Fig. 1A). The 
hyphae are in close contact with mesophyll cells but do not form any specialized feeding 
structures such as haustoria (Fig. ID). Extracellular proteins (ECPs, discussed in section IV 
B) produced by C. fiilvum are associated with the matrix between fungal hyphae and host cell 
walls 18. Whether these proteins are essential for the adherence of C. fiilvum to the host cell 
wall is not known. Approximately 10 days after penetration, a network of hyphae appears 
in stomatal cavities and conidiophores emerge through the stomata and profusely produce 
conidiospores. 

The fungus cannot reproduce on resistant cultivars of tomato. After penetration of the 
leaf through the stomata, fungal growth is arrested at an early stage (Fig. IB). The extent 
of fungal growth is dependent on the avirulence gene - resistance gene combination, which 
probably determines the precise timing of induction of plant defence19. The defence response 
is characterized by the hypersensitive response (HR, observed as cell browning and necrosis), 
decompartimentalization and callose deposition in those host cells which are in close contact 
with the hyphae of avirulent races of the pathogen 15~17. Mesophyll cells in or around the 
infection site often show abundant excretion of extracellular material which occurs more 
frequently in resistant than in susceptible plants 1<s. 

Avirulent races of C. fiilvum induce drastic changes in the leaves of resistant tomato 
cultivars, whereas virulent races do not induce any visible changes in the host under optimal 
conditions. In contrast, intercellular injection of conidia of both virulent and avirulent races 
of C. fiilvum into leaf mesophyll induce localized responses such as cell wall appositions and 
browning 20. A non-specific glycoprotein elicitor (discussed in section IV A) produced by the 
injected conidia of virulent as well as avirulent races is probably responsible for the initial 
induction of these responses 21 ~25. Germ tubes of virulent races, however, appear to grow out 
of the responding leaf mesophyll zone and hyphae continue to colonize the tomato leaf 
without further induction of defence responses, whereas the growth of avirulent races is very 
quickly arrested. 
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Figure 1. A, B) Schemetic representation of a transverse section of a tomato leaf 6-8 days after inoculation 
with Cladosporiumfulvum. The fungal conidiospore germinates on the lower leaf surface, forms a thin runner 
hypha and enters the leaf through a stoma. The penetrating hypha develops into a thicker intercellular mycelium. 
A) Susceptible cultivar inoculated with a virulent race of C. fitlvum. The fungus is growing abundantly in the 
intercellular spaces around the mesophyll cells; no visible defence responses are activated. B) resistant cultivar 
inoculated with an avirulent race of C. fitlvum. After penetration fungal growth is arrested and mesophyll cells 
in contact with the fungus develop a hypersensitive response (HR, dark cells). C) Scanning electron micrograph 
showing penetration of C. fitlvum through a stoma at the lower side of the tomato leaf. D) Scanning electron 
micrograph showing fungal hyphae growing around mesophyll cells (as in A). 
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Chitinases and 1,3-ß-glucanases of tomato, associated with plant defence 26'27, were 
studied by immunocytology using polyclonal antibodies28. Subcellular localization of proteins 
in the intercellular spaces of C. fulvum-mîectsâ tomato leaves is hindered by poor fixation 
of these often highly soluble proteins. No significant differential accumulation of chitinases 
and 1,3-ß-glucanases was observed between incompatible and compatible interactions. In 
addition, no association of chitinases and 1,3-ß-glucanases with fungal hyphae was observed, 
suggesting that these hydrolytic enzymes play a minor role in active defence of tomato 
against C. fulvum. 

Future histopathological research on the C. fiilvwn - tomato interaction will involve 
molecular biological techniques. In situ mRNA hybridization using labeled RNA probes 
derived from plant defence genes (encoding e.g. chitinases or 1,3-ß-glucanases) will be used 
to study the temporal and spatial expression of these genes. An alternative approach is 
directed to use the reporter gene encoding the Escherichia coli ß-glucuronidase (uidA), which 
was demonstrated to be fully active in C. fulvum 29. Fusion of promoters of interest to the 
uidA gene will allow to study the timing and location of expression of fungal genes involved 
in pathogenesis, and to search for compounds which induce those genes in vitro. 

m. The genetics of the Cladosporium fulvum - tomato interaction 

There has been a continuous selection and breeding of tomato for more than 200 years 2. In 
the beginning of this century resistance to C. fulvum was first described and certain resistant 
varieties were selected. In the 1930s Langford began to breed for resistance and soon noticed 
that certain resistant varieties were still susceptible to some isolates of C. fulvum30. In the 
following decades many genes for resistance to C. fulvum (Cf genes) have been crossed into 
Lycopersicon esculentum from related wild species of Lycopersicon including L. 
pimpinellifolium, L. hirsutum, L. hirsutum var. glabaratum and L. peruvianum 2,n. The Cf 
resistance genes are single dominant genes and have been mapped on different chromosomes 
of tomato 32,33. Resistance genes Cf2 and Cf5 are allelic or closely linked and map on 
chromosome 6 of tomato 33. Also, resistance genes against other pathogens, such as 
Meloidogyne incognita (Mi) M and Oïdium lycopersicum 35, map at around the same position 
on chromosome 6. The resistance genes Cf4 and Cf9 are also allelic or closely linked and 
map on chromosome 1 3236. Near-isogenic lines of tomato cultivar MoneyMaker are 
available, each carrying one of these four Cf resistance genes, which are very useful for 
studying the mechanisms of resistance genes separately. 

Disease resistance genes have not been isolated so far. Several groups are currently 
employing different strategies to clone Cf resistance genes37. Approaches used are (i) map 
based cloning, (ii) transposon tagging, (iii) functional cloning and (iv) cloning genes encoding 
receptors for race-specific elicitors (section IV D). 

As described above, genes for resistance introduced in tomato were sooner or later 
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overcome by new races of C. fulvum 3A. The observed differential interactions (compatible 
or incompatible) between different races of C. fulvum and near-isogenic lines of tomato 
suggested that the gene-for-gene hypothesis was applicable to the C. fulvum - tomato 
interaction67. The gene-for-gene hypothesis states that genes for resistance in the plant match 
to genes for avirulence in the pathogen. Flor, in 1942 38, developed the gene-for-gene 
hypothesis based on genetic studies of the Melampsora Uni - flax interaction. Avirulence 
genes in M. Uni and the corresponding resistance genes in flax where shown to be single loci, 
which segregated in a mendelian fashion 39. 

The gene-for-gene hypothesis in the C. fulvum - tomato interaction is supported by the 
finding of race-specific elicitors (discussed in section IV C) which fit into the specific elicitor 
- specific receptor model40,41. In this model, the gene products of fungal avirulence genes, 
the so-called race-specific elicitors, are recognized by specific receptors in the resistant host 
leading to incompatibility (Fig. 2). The receptors recognizing the specific elicitors produced 
by the pathogen might be the direct products of resistance genes. Absence or mutation of 
either the avirulence gene in the pathogen or the corresponding resistance gene in the host 
will abolish recognition leading to compatibility. In this model the race-specific recognition 
is superimposed but fully dependent on basic compatibility. 

genotype of tomato host 

R1- r2r2 r1r1 R2-

genotype of 
C. fulvum 

products of 
avirulence genes 

(race-specifc elicitors) 

products of Cf resistance genes 
putative specific receptors 

A1a2 

a1A2 = C 

Figure 2. Schematic representation of the specific elicitor - specific receptor model explaining the gene-for-
gene interaction between Cladopsorium fulvum and tomato. Avirulence genes (Al, A2) of the haploid fungal 
pathogen C. fidvum encode race-specific peptide elicitors which are recognized by the products of dominant Cf 
resistance genes (RI, R2) in tomato, the putative specific receptors. Recognition induces active plant defence 
(HR) resulting in incompatibility (I). Absence of the race-specific elicitor or the corresponding specific receptor 
will not result in recognition and C. fulvum continues to grow inside the tomato leaf without inducing any 
defence responses (compatibility, C). 
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The presence of single avirulence genes in C. fiilvum cannot be demonstrated genetically, as 
the sexual stage of this haploid fungus is not known or non-existing. Day, in 1957, tried to 
prove the dominant character of an avirulence gene in C. fiilvum 42. Young sporulating 
cultures of a mutant strain containing a red pigment marker and avirulent on tomato variety 
Vetomold (carrying resistance gene CfZ) were irradiated with UV in order to obtain virulent 
mutants. One mutant was obtained which had become virulent on the previously resistant 
tomato variety Vetomold. This mutant still contained the red pigment marker, suggesting that 
it was a genuine mutant and not a contaminant. Mutation of C. fiilvum from avirulence to 
virulence as described by Day 42, was the first indication for the existence of avirulence genes 
in C. fiilvum. 

Mutation to virulence as described above 42, is the most plausible explanation for the 
development of new races of C. fiilvum. Alternatively, races with new specificities might 
arise as a result of parasexual recombination by hyphal anastomosis of two different races 
of C. fiilvum 43. However, it should be emphasized that only one report on occurrence of 
hyphal anastomosis in C. fiilvum exists in the literature 43 which could not be repeated with 
well characterized mutantsl0M. Therefore, the occurrence of parasexual recombination under 
natural conditions is very uncertain. 

Another mechanism for the development of new races of C. fiilvum might be 
transposition and integration of a transposable element in avirulence genes 45. A 
retrotransposon-like element called QT-1 is present in 30-100 copies at a variety of sites in 
the genome of C. fiilvum 45. Evidence that QT-1 is a genuine LTR(long terminal repeat)-
retrotransposon was obtained by demonstrating expression of QT-1 and packaging into virus
like particles 4<s. However, no direct evidence for transposition of QT-1 was obtained, and 
only circumstantial evidence suggests that QT-1 has transposed recently 46. The use of 
transposons to inactivate genes by disruption can be of great help for the detection and 
subsequent isolation of genes involved in pathogenicity and cultivar-specificity. 

As mentioned above, no straightforward classic genetic studies can be performed with 
C. fiilvum, since it is an imperfect fungus. An artificial method for genetic analysis of 
C. fiilvum was performed by Talbot et al.44. By protoplast fusion of two parental mutants it 
was shown that a diploid strain could be obtained containing a mixed set of chromosomes 
from both parents. Since the diploid is not stable, haploidization occurred spontaneously. 
Recombinants were obtained from fusions between mutants in the nitrate assimilatory 
pathway. A genetic linkage map of C. fiilvum is currently being constructed, using this forced 
parasexual recombination 47,48. An inter-racial fusion between a mutant race 4 and a mutant 
race 5, containing avirulence gene avr5 and avrA respectively, has been studied in detail4748. 
Over 50 phenotypic, RFLP and RAPD markers have been used to analyse the haploid 
progeny. A linkage map containing seven linkage groups has been established. Unfortunately, 
no marker mapped to avrA and avr5 48. 

An alternative strategy to isolate avirulence and pathogenicity genes might be map-based 
cloning by chromosome walking. However, this technique has not yet been successful for C. 
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fiilvum for two major reasons. First, there is only a small number of polymorphic markers 
on the linkage map of C. fiilvum, due to the low genetic variation among races of C. fiilvum. 
Secondly, the high content of repetitive DNA present on all chromosomes of C. fiilvum 
hampers chromosome walking 49a. Hybridization of a genomic library of C. fiilvum with 
labeled total genomic DNA revealed that 60 - 70 % of the clones contained repetitive DNA. 
The high degree of repeated sequences could also be a major reason for the problems 
encountered in employing genomic subtraction, which was initiated to get an overall 
impression of the occurrence of deletions in C. fiilvum 50. 

Eleven chromosomes of C. fiilvum can be separated by pulsed-field gel electrophoresis 
51. The chromosomes range in size from about 2 to 7 Mbp (Fig. 3) and show few 
polymorphisms in the different races and isolates of C. fiilvum. Some races contain an 
additional mini chromosome (nr. 12) of approximately 800 kb. AU C. fiilvum genes cloned 
so far have been mapped on different chromosomes and can be used as chromosome-specific 
markers. Additional chromosome-specific markers have been isolated from a genomic library 
of C. fiilvum 49a, which can be used to identify individual chromosomes and to analyse 
chromosome length polymorphisms. 

The well documented genetics of tomato and to some extent of C. fiilvum, enables the 
study of resistance and avirulence. The availability of near-isogenic lines of tomato with 
different genes for resistance and of races of C. fiilvum with different specificities makes the 
C. fiilvum - tomato interaction an excellent model system to study gene-for-gene specificity. 

C. fulvum race 

Figure 3. Separation of intact chromosomal 
DNA molecules of 4 different races of 
Cladosporium fiilvum by pulsed-field gel 
electrophoresis . The size of the eleven 
chromosomes of C. fulvum are estimated to 
be 6.6, 6.3, 5.9, 5.7, 5.4, 4.6, 3.9, 
3.4, 2.8, 2.5 and 1.9 Mb, respectively 

for chromosomes 1 to 11 *. An additional 
'mini'-chromosome of 0.8 Mb is present in 
some races of C.fulvum. Chromosome 
numbering, based on the pattern obtained 
with race 4, is indicated on the left, the size 
of the Schizosaccharomyces pombe (Sp) 
chromosomes is indicated on the right. 
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IV. Biochemical and molecular aspects of the interaction 

A. Cladosporium fiilvum and tomato studied separately 

The early studies on the C. fiilvum - tomato interaction were focused on the individual 
partners. Resistant and susceptible plants were analysed chemically in search for factors 
which could influence the growth and development of C. fiilvum52,53. The sugar and amino 
acid content of whole leaves of different tomato varieties were compared, but differences in 
chemical composition could not be correlated to resistance or susceptibility52'53. The supply 
of nutrients and light conditions during the growth of tomato plants, however, influence the 
severity of disease symptoms M. 

The early biochemical work on C. fiilvum was mainly focused on factors released by the 
fungus in the culture fluid of in vitro grown mycelium. Glycoproteins produced by C. fiilvum 
in vitro induced necrosis when injected in tomato leaves but were, however, not race-specific 
2125. These non-specific elicitors induced physiological responses in tomato, such as 
phytoalexin accumulation 24, electrolyte leakage 55 and increased lipoxygenase and 
lipoperoxidase activity 55. Interestingly, most of these responses were only observed in 
tomato and not in any other plant species tested 22. The activity of the non-specific 
glycoprotein elicitors could be suppressed by incubating them with intercellular fluid 
collected from C. fiilvum-infected tomato leaves 56. A host-derived factor was demonstrated 
to inactivate the non-specific glycoprotein elicitor by degradation. Also, a non-proteinaceous 
low molecular weight suppressor of the non-specific glycoprotein elicitor was characterized 
recently51. Since the products of digestion of polypectate had similar effects it was suggested 
that this suppresssor originates from action of pectolytic enzymes on host cell walls. The 
presence of this suppressor in the apoplast of healthy tomato leaves, together with the host-
produced elicitor degrading activity, suggest that under natural conditions the non-specific 
glycoprotein elicitor does not play a major role in the C. Julvum - tomato interaction. 

Transformation of C. fiilvum has been established using protoplasts 58,59. Dominant 
selection markers, such as the hygromycin resistance marker (hph) M and the phleomycin 
resistance marker (phleoR)61 have been successfully used. High transformation frequencies 
were obtained by using a complementing gene as a selection marker for transformation of 
auxotrophic mutants of C. Julvum. Uridine auxotrophic mutants of C. fiilvum, resistant to 
fluoro-orotic-acid, were complemented to prototrophy by transformation with heterologous 
pyr genes of Aspergillus nidulans, A. niger and Claviceps purpurea49,62. The isolation of the 
pyr gene of C. Julvum will facilitate the development of an efficient gene targeting system 
63, which can be used in future research to study the promoters of avirulence and 
pathogenicity genes of C. Julvum. 
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B. Basic compatibility 

The ability of a pathogen to successfully penetrate, colonize and reproduce on a certain host 
plant is called basic compatibility 64"66. Only a few fungi are pathogens and are able to 
establish and maintain basic compatibility on a certain host species. In addition, biotrophic 
plant pathogens are fully dependent on the living host and are therefore often highly 
specialized. C. fiilvum is a good example of a very specialized biotrophic pathogen which can 
only colonize tomato. Until now, tools employed by C. fiilvum to successfully infect tomato, 
the so-called pathogenicity factors, are not known. C. fiilvum grows exclusively in the 
intercellular spaces of the tomato leaf without causing any visible damage to host cells. 
Factors involved in pathogenicity are therefore likely to be produced in the intercellular 
spaces of the tomato leaf, the interface between pathogen and host. Intercellular fluid (IF) 
containing these factors can be isolated by infiltrating leaves of compatible tomato -
C. fiilvum interactions with water or buffer in vacuo, followed by a centrifugation step 67. 
Obviously, IF contains besides fungal compounds also plant compounds. 

From this IF, several low molecular weight proteins (<20 kD) have been purified, 
which are most probably of fungal origin since they are not present in the incompatible 
C. fiilvum - tomato interactions68. These extracellular proteins (ECPs) are also not produced 
by C. fiilvum grown in vitro. Two of these proteins, ECP1 (formerly called PI)69 and ECP2 
18 were purified and the corresponding genes, ecpl and ecp2, were subsequently isolated 49,7°. 
Analysis of DNA sequences and derived amino acid sequences of the two ecp genes have not 
given any clue to their possible enzymatic or structural functions. In all races of C. fiilvum 
the ecp genes are highly expressed in planta as compared to in vitro (Fig. 4). This high 
expression together with the abundance of the ECPs in the extracellular space of infected 
tomato leaves suggest a role in pathogenicity. The extracellular localization could indicate 
a role in the matrix which is present at the interface between the fungal hyphae and the host 
cell wall18. Possibly, the ECPs are actively interfering with the metabolism and/or transport 
of host nutrients within the tomato leaf, or suppressing non-specific plant defence responses. 
Disruption of the ecp genes by gene replacement with mutated ecp genes will reveal whether 
these genes are essential for pathogenicity of C. fiilvum. 

Several genes of C. fiilvum have been isolated (av/4 71, avr9 49,72, ecpl and ecp2 49,7°) 
which are highly expressed in planta. Figure 4 shows the expression of these four genes in 
C. fiilvum grown in vitro, an incompatible and a compatible C. fiilvum - tomato interaction. 
The ecp and avr genes are highly expressed during growth in planta but hardly or not during 
growth in vitro. Of the four genes, only avirulence gene avr9 shows induced expression in 
vitro under conditions of nitrogen starvation49. The mechanisms of induction or derepression 
are not known. The promoters of the four genes do not reveal common structural motifs, 
which could be involved in the regulation in planta, although small homologies are present 
between ecpl and ecpl 49,7°. Future research using promoter-reporter gene fusions will be 
used to define the promoter regions which are involved in the regulation of transcription. 
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Figure 4. Northern blot analysis of poly(A)+RNA isolated from uninoculated tomato genotype Cß (lane P), 
from Cladosporiumfulvum grown in vitro (lane F), from an incompatible interaction tomato Cf4l C. fiilvum race 
5 (Cf4/5) and a compatible interaction tomato Cß/ C. fiilvum race 5 (Cf5/5) at different times after inoculation 
(4, 6, 8, 10, 12 and 14 days, respectively). The blot was hybridized with [<x-32P]dATP-labeled DNA probes of 
the C. fiilvum genes avr4, avr9, ecp\, ecpl and act (actin gene 49"). The latter was used as a constitutive control 
for fungal mRNA10. 

Since C. fiilvum obtains its nutrients from the apoplast, Joosten et al.13 determined the mono-
and di-saccharides present in the intercellular fluid (IF) of C. fulvum-mîecXeà tomato leaves 
compared to those present in IF of healthy leaves. IF of tomato leaves inoculated with an 
avirulent race of C. Julvum had a carbohydrate composition similar to IF of healthy tomato 
leaves and remained unaffected within 14 days post inoculation. The carbohydrate 
composition of IF isolated from tomato leaves heavily colonized by C. fiilvum was completely 
different. In a time course experiment, a twofold increase in sucrose during the first seven 
days was followed by a decrease. The level of fructose and glucose increased tenfold between 
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five and nine days after inoculation, followed by a decrease. Mannitol, which is absent in 
healthy tomato leaves, accumulates strongly until nine days after inoculation, to reach a 
maximum at 14 days after inoculation. These results suggest that early in the interaction 
invertases of C. fiilvum hydrolyze sucrose into fructose and glucose. The fungal enzyme 
mannitol dehydrogenase is subsequently involved in the formation of mannitol, which 
probably can only be utilized by the fungus but not by the host plant. 

C. Race-specific incompatibility 

A major breakthrough in the research on the C. fidvum - tomato interaction was the discovery 
of race-specific elicitors, the inducers of active plant defence, in IF of C. fiilvum-infecteà 
tomato leaves 67. Injection of IF in the leaves of resistant tomato plants resulted in the 
induction of HR, which is visible as chlorosis or necrosis. Proteinaceous compounds inducing 
a HR on resistant tomato cultivars were clearly demonstrated to be correlated with the 
presence of avirulence genes in certain races of C. fiilvum 74'75. One such race-specific 
peptide elicitor, the product of the avirulence gene avr9, was purified from IF of C. fiilvum-
infected tomato leaves 76. The purified peptide elicitor specifically induces HR (observed as 
extensive necrosis) on tomato plants carrying the complementary resistance gene Cß. Races 
virulent on tomato genotype Cß do not produce the elicitor 77. Recently, the race-specific 
elicitor inducing HR on tomato genotype Cf4, the product of avrA has been purified 71. 

The race-specific elicitor inducing HR on tomato genotypes containing the resistance 
gene Cß was purified and the amino acid sequence was determined 78. The corresponding 
cDNA was isolated using oligonucleotide probes deduced from the amino acid sequence of 
the peptide *9,12. The gene encoding the elicitor, named avr9, was only detected in fungal 
races which are avirulent on tomato genotypes carrying the Cß gene. Races virulent on Cß 
genotypes of tomato have evaded recognition by the host as they lack the entire avi9 gene 
49,72 and therefore do not produce the peptide elicitor. The avi9 gene was subsequently 
isolated from a genomic library of C. fiilvum and sequenced49,79. To demonstrate the causal 
relationship between a functional avr9 gene encoding the elicitor and avirulence on tomato 
genotype Cß, the cloned avr9 gene was transferred to race 2.4.5.9.11 of C. fiilvum, which 
lacks the avi9 gene and can overcome the resistance genes Cf2, Cf4, Cß, Cf9 and Cfll of 
tomato. The cultivar-specificity of the transformants containing the avr9 gene changed from 
virulent to avirulent on tomato genotype Cß- This was the first report on the cloning of a 
fungal avirulence gene, which demonstrated that a single gene is responsible for changes in 
race-cultivar specificity 49,79. 

Disruption of avi9 in two races of C. fiilvum was achieved by replacing the avr9 coding 
region by the Aspergillus nidulans pyrG gene via a gene-replacement strategy in a pyr" 
mutant 4962. The cultivar-specificity of these disruptants was consequently changed from 
avirulent to virulent on tomato genotype Cß, confirming the conclusions drawn from the 
transformation experiments described above49,79. 
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The elicitor encoded by avr9 can be isolated from IF of C. fulvum-infected tomato leaves 7S, 
but not from C. fiilvum grown in vitro. To circumvent the laborious isolation procedure of 
the AVR9 elicitor from infected plants and to obtain large quantities of this elicitor, we have 
constructed a fusion between a strong constitutive promoter (gpd from Aspergillus nidulans 
80) and the avr9 coding region49,79. C. fiilvum transformed with this ûw9-construct produces 
large amounts of active AVR9 elicitor in vitro 49,81. Milligrams of the AVR9 peptide have 
been purified from culture filtrates of these transformants, which can be used for AVR9 
structure analysis (NMR) and elicitor-receptor binding studies. Plant breeders on the other 
hand use this AVR9 elicitor in breeding programmes to screen their entries for the presence 
of the Cf9 resistance gene. 

Recently, the avirulence gene avrA of C. fiilvum has been cloned by a similar approach 
71. Preliminary results indicate that recognition by tomato genotypes carrying the resistance 
gene Cf4 is overcome by single base pair mutations in the coding sequence of the gene. In 
all virulent races analysed, these mutated genes contain one point mutation, but the mutations 
can be at four different locations in the protein. All mutations, however, involve one change 
from cysteine to tyrosine. In one case the change from avirulence to virulence was caused 
by a frame shift mutation. 

D. Recognition and defence responses 

Biochemical research on the mechanism(s) of resistance to C. fiilvum was focused on the 
differences between incompatible (avirulent race, resistant cultivar) and compatible (virulent 
race, susceptible cultivar) C. fiilvum - tomato interactions. The differential accumulation of 
phytoalexins 82,83 and pathogenesis related (PR) proteins, such as P14-isomers M and 1,3-ß-
glucanases and chitinases 26,85, was clearly demonstrated. The general idea is that in the 
incompatible interaction an avirulent race is recognized at an early stage by the resistant plant 
leading to the induction of active defence responses. 

The primary recognition of race-specific elicitors and the subsequent signal transduction 
is studied by several groups at the moment 19'86. Tomato suspension cells treated with IF 
containing race-specific elicitors of C. fulvum were shown to have retained the specificity of 
the intact plants 86. In contrast to the HR response of intact plants, the suspension cells 
retained their viability after treatment with IF. Vera-Estrella et al. 86, demonstrated that IF 
containing the AVR5 elicitor induced several physiological defence related responses, 
specifically in cell suspension cultures of tomato containing the Cß resistance gene but not 
in cultures containing the Cf4 resistance gene. Active oxygen species are rapidly generated 
after treatment of suspension cells with IF, and are associated with lipid peroxidation, 
cytochrome c reduction, luminol-dependent chemiluminescence, oxygen uptake and release 
of extracellular peroxidase and phenolic compounds. Extracellular production of active 
oxygen species seems to be an important factor in the initial reaction of tomato cells to 
specific elicitors of C. fulvum. The tomato cell suspension cultures responded in a similar 
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way to non-specific glycoprotein elicitors (section IV A) except for the luminol-dependent 
chemiluminescence and increase, rather than decrease, in oxygen uptake 87. 

Using an in vivo cotyledon assay, Hammond-Kosack et al. 19, confirmed the formation 
of active oxygen species (refered to as oxidative burst) after injection of IF, containing AVR9 
elicitor, in cotyledons of tomato seedlings carrying the Cf9 resistance gene. This oxidative 
burst was detected within three hours after injection of elicitor. The production of ethylene 
was observed at nine to ten hours after injection, followed by increasing levels of salicylic 
acid after 12 hours. By 20 to 24 hours most mesophyll cells had lost membrane integrity, 
leading to electrolyte leakage and alkalinization. Macroscopically visible necrosis could be 
observed circa 30 hours after injection with IF. 

The early responses described above are induced rapidly after treatment with race-
specific elicitors. The mechanism of primary recognition of elicitors by the resistant plant, 
however, is still not known. Our laboratory is currently employing radioactively labeled 
AVR9 race-specific elicitor as a ligand to study the binding to potential receptors in tomato. 

The knowledge on avirulence genes and race-specific elicitors of the pathogen has 
resulted in a strategy to develop disease-resistant crop plants. In the so-called two-component 
sensor system 37, the avirulence gene in combination with the corresponding resistance gene 
is used to convert non-specific pathogen recognition into rapid and effective plant defence. 
The gene encoding the AVR9 race-specific elicitor fused to a pathogen-inducible promoter 
will be expressed immediately after pathogen attack in transgenic plants. The AVR9 peptide 
will then be quickly recognized, leading to the inducion of active plant defence (HR) which 
will restrict the pathogen to the infection site. So far, transgenic tobacco plants containing 
avi9 producing biologically active AVR9 elicitor are available 88. Hopefully, in the near 
future transgenic tomato plants will be developed containing this two-component sensor 
system which will be resistant to various pathogens. 

V. Concluding remarks 

The data presented in this chapter clearly show that the C. fulvum - tomato interaction is a 
very useful model system to study fungus - plant specificity. Further unravelment of this 
model system may help us to answer basic questions on mechanisms of specificity and basic 
compatibility, not only for the C. fulvum - tomato interaction, but also for other fungus -
plant interactions. 
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